In this study, surface chemistry, the morphological properties, water retention values, linear viscoelastic properties, crystallinity index, tensile strength and thermal properties of water hyacinth (WH) cellulose were correlated with the degree of mechanical processing under high-pressure homogenisation. An initial low-pressure mechanical shear of WH stems resulted in the ease of chemical extraction of good quality cellulose using mild concentrations of chemical reagents and ambient temperature. Further passes through the homogeniser resulted in an overall improvement in cellulose fibrillation into nanofibrils, and an increase in water retention property and linear viscoelastic properties as the number of passes increased. These improvements are most significant after the first and second pass, resulting in up to 7.5% increase in crystallinity index and 50% increase in the tensile strength of films, when compared with the unprocessed WH cellulose. The thermal stability of the WH cellulose was not adversely affected but remained stable with increasing number of passes. Results suggest a high suitability for this process to generate superior quality cellulose nanofibrils at relatively low energy requirements, ideal Electronic supplementary material The online version of this article (https://doi.().,-volV) ( 01234567 89().,-volV) for sustainable packaging applications and as a structural component to bioplastic composite formulations.
Introduction
Amongst the naturally occurring polymers, cellulose has gained extensive popularity for various potential applications due to its availability and abundance in nature. Found in wood, plants, some bacteria and algae (Siró and Plackett 2010) cellulose is a polysaccharide constituted of linear chains, in which d-pyran glucose units (between several hundreds to over ten thousand) are compounded and linked by b(1 ? 4) glycosidic bonding (Hon 1994) . The cellulose elementary units align to form larger microfibrils and ultimately a cellulosic fibre matrix, within which hemicellulose and lignin are bound to the surface and entrapped within the microfibrils (Srivastava 2002) .
The extraction of cellulose nanomaterials from various sources have been intensively reported because of the inherent biodegradable and biocompatible properties of this material (Klemm et al. 2018 ). In addition, the improved material properties such as reduced weight, increased strength, controllable optical properties, oxygen barrier properties and ability to form liquid crystals when going from the microscale to the nanoscale, have made the nanocellulose field an active research area (Lavoine et al. 2012; Jonoobi et al. 2015) . Plant based sources that have been explored for cellulose extraction include hemp (Dai et al. 2013; Luzi et al. 2014) , sugarcane bagasse (Mandal and Chakrabarty 2011; Rahimi Kord Sofla et al. 2019) , wheat straw and soy hulls (Alemdar and Sain 2008) , rice husk (Johar et al. 2012) , wood flour (Li et al. 2016) pineapple leaf fibres (Cherian et al. 2010; Fareez et al. 2018) , cotton (Al-khateeb et al. 2015; Theivasanthi et al. 2018) , bamboo (Hu et al. 2014) , kenaf bast (Karimi et al. 2014; Song et al. 2018), etc. Water hyacinth (Eichhornia crassipes) is one of the most pervasive aquatic weeds, which is very adaptable to the environment and can grow quickly, producing 106 tonne (dry weight) per Hectare per year (Reddy and Debusk 1984) . This plant is usually invasive and can have serious detrimental effects on the surrounding environment due to its rapid growth on water bodies in tropical regions. The water surface can be quickly covered, putting biodiversity in danger (Istirokhatun et al. 2015) . Water hyacinth (WH) has low thermal energy and the combustion may produce secondary pollution. Huge sums of money are being spent worldwide to selectively remove the weeds by manual harvesting and use them as animal feed or for energy production (Gunnarsson and Petersen 2007) .
Recently, WH have come under investigation as an alternative source for extracting cellulose/nanocellulose (Thiripura Sundari and Ramesh 2012; Suryadi et al. 2017; Asrofi et al. 2018; Juárez-Luna et al. 2019; Tanpichai et al. 2019) . Most of these studies on cellulose extraction from WH make use of high amounts of alkali at elevated temperatures, up to 90°C (Thiripura Sundari and Ramesh 2012; Suryadi et al. 2017) . Juárez-Luna et al. (2019) applied a different approach by using cellulase enzymes instead of alkalis to extract cellulose nanoparticles from water hyacinth stems. Other methods that have been used to extract nanocellulose include acid hydrolysis (Istirokhatun et al. 2015) , successive ball-milling, cryocrushing and sonication (Thiripura Sundari and Ramesh 2012), and high-intensity ultra-sonication (Hu et al. 2014; Asrofi et al. 2018 ). These studies focused on the extraction methods and property characterisation of the resulting cellulose at different stages of extraction, with no further processing to nanocellulose or characterisation thereof.
The use of high pressure microfluidic mechanical processors has been proven efficient for the fibrillation of cellulose materials into cellulose nanofibrils (Spence et al. 2011) . In this study, a PSI-20 high pressure homogeniser Ò , was used both as a pretreatment tool, to assist the extraction of cellulose from water hyacinth stems, and also for cellulose fibrillation into nano-sized material. An initial lowpressure processing pass of water hyacinth stems was carried out to help loosen the lignocellulosic matrix, which led to the facile extraction of cellulose at low alkali concentration and at room temperature. The changes in surface chemistry during the stages of extraction was studied by Fourier-transform infrared spectrophotometry. The impact of increasing number of passes through the mechanical processor on WH cellulose were studied through morphological analysis, water retention value studies and linear viscoelastic analysis, crystallinity index studies, tensile tests and thermal stability studies. These analyses help establish the properties of WH cellulose extracted herein and the optimum processing conditions required to produce good quality CNF that can find applications in composite formulations.
Experimental procedure

Raw materials and chemicals
Water hyacinth (WH) stems were collected from a local lake in Taman Tasik Seri Aman, Puchong, Malaysia. The WH stems were separated from the roots and leaves, washed and air dried for 3 days before being used for the cellulose extraction process. See Fig. 1a for photographic image of WH stems. Sodium hydroxide (NaOH), hydrochloric acid (HCl), sodium chloride (NaCl), and sodium hypochlorite solution (NaClO, 6-14% active chlorine) were received from Sigma-Aldrich, UK. Glacial acetic acid (CH 3 COOH) was received from Fisher Scientific, UK. All chemicals were reagent grade and used without further purification. Ultrapure water (Purelab Option-Q, Class 1 water system, ELGA) was used in all the experiments.
WH slurry preparation and cellulose extraction
The dried WH stems were crushed using a household blender and mixed with ultrapure water, forming 0.25 wt% slurry. The slurry was soaked overnight in water before being homogenised using a rotor-stator mixer (Ultra-turrax T25, IKA, UK) for approximately 10 min at 13,000 rpm. The material was then homogenised using a PSI-20 homogeniser (Adaptive Instruments, UK) through a 200 lm Z-shaped interaction chamber at approximately 8000 psi. Afterwards, the slurry was centrifuged using Sorvall RC 6 Plus centrifuge (Thermo Scientific, UK) to remove excess water and recover WH pellets.
The cellulose extraction started with a bleaching process, in which the WH pellets were placed in a NaClO solution at room temperature and stirred overnight. The bleaching solution was prepared by mixing NaClO with ultrapure water at 1:3 weight ratio and adjusted to pH of 4 using glacial acetic acid. This was followed by a NaOH aqueous solution (1 wt%) treatment at room temperature (22°C) for 2 h under (a) (b) (c) (d) (e) (f) Fig. 1 Photographic images of WH scissors-cut stems (a), blended stems (b), WH after first bleaching (c), WH after NaOH (d), WH cellulose after second bleaching (e) and WH CNF gel-like material (f). All slurries are shown at 0.5 wt% continuous stirring. For further delignification, the lignocellulose material was subjected to another bleaching process, in the same NaClO solution as above, for 2 h under continuous stirring. The material was washed in ultrapure water between each step by successive centrifugation and decantation. The solid content of the washed sample was then determined by gravimetric analysis and the percentage yield of the extraction process was determined as the ratio of the weight of the cellulose material to the weight of dried stems. Finally, the cellulose material was diluted to form 0.5 wt% slurry for subsequent processing.
Mechanical processing of the extracted cellulose
The PSI-20 high homogeniser was additionally used for the fibrillation of 0.5 wt% aqueous cellulose dispersion to obtain cellulose nanofibrils (CNF). The cellulose material was passed 5 times through a 100 lm Z-shape interaction chamber at 25,000 psi. Henceforth, 0 pass sample represents the extracted cellulose without any mechanical fibrillation, while 1-5 pass samples represent cellulose materials that have undergone mechanical fibrillation through the homogeniser for 1-5 times.
Conductometric titration
Conductometric titration was carried out using the method described in SCAN-CM 65:02 test method for total acidic group content (Scan-test 2002) . The experiment was carried out at downscaled reagent quantities. In summary, the never dried cellulose pulp was dispersed in 0.1 M HCl and allowed to soak for 15 min before being washed with ultrapure water until the conductivity was less than 5 lS/cm. The base (0.05 M NaOH) was standardised with 0.01 M of HCl before using it as a titrant. 147 mL of ultrapure water and 3 mL of 0.05 M NaCl were added to 0.3 g dry weight of the protonated cellulose pulp in a beaker. The function of the NaCl was to improve the accuracy of the results. The mixture was stirred thoroughly using a magnetic stirrer until the conductivity and pH have equilibrated. The titration was started with the addition of 0.05 M NaOH at the rate of 100 lL/min until a pH of 10 was achieved. Titration was carried out in triplicate and the average total acidic content ± standard deviation was reported.
Fourier transform infrared (FTIR) spectrophotometric characterisation
An FTIR spectrophotometer (Spectrum 100, Perkin-Elmer, UK) was used to determine the functional groups of the cellulose samples during and after the extraction process. The cellulose samples obtained at various stages were dried into films and used to obtain the spectrum between the 4000 and 450 cm -1 range at 4 cm -1 resolution.
Field emission scanning electron microscopy (FE-SEM)
The surface morphology of 0-5 pass samples were examined using S4800 FE-SEM, (Hitachi, Japan). Samples were homogenised and diluted to form 0.0001 wt% solution before being dropped on a freshly cleaved mica disc (muscovite, 9.9 mm diameter and 0.22-0.27 mm thickness, Agar Scientific, UK) that was attached on an FE-SEM aluminium stub.
The samples were dried before being gold coated for 90 s using a sputter coater (EMITECH K550X, Quorumtech, UK) and observed with the FE-SEM at 3 kV acceleration voltage. Micrographs of the original cellulose and CNF materials were obtained at various magnifications that would allow for adequate observation and fibril measurements using ImageJ software (version 1.47, National Institutes of Health, USA).
Water retention values (WRV)
In order to indirectly evaluate the degree of fibrillation, the water retention values of the 0 pass to 5 pass samples were studied using 0.5 wt% slurries from never-dried samples. 50 g of the slurry was transferred into falcon tubes and subjected to a centrifugation process, using the method adopted from Cheng et al. (2010) . The centrifugation process was carried out at 900g centrifugal force for 30 min. The supernatant was removed from the falcon tubes using a pipette and the material at the bottom was transferred in an aluminium drying boat. An oven heated to 105°C was used in drying the material. The weights of the samples before and after the drying process were recorded using a four-digit balance. The WRV was evaluated using Eq. (1)
Here W wet and W dry are the weight of the wet slurry and the dried material, respectively. Three replicates were examined and an average WRV was obtained.
Linear viscoelastic measurements
The effects of the number of passes (1-5) on the linear viscoelastic properties of the water hyacinth derived cellulose were investigated using a serrated concentric cylinder geometry (24 mm inner diameter and 26 mm outer diameter) on AR-G2 rheometer (TA Instruments, USA). An initial peak hold test was carried out at a shear rate of 100 s -1 for 100 s to clear sample and loading history. This was followed by a time sweep carried out for 600 s at 50 rad s -1 and 0.1% strain to allow for sample recovery. Limited amplitude sweeps were then conducted at an angular frequency of 50 rad s -1 and a stress of 0.01-2.0 Pa to identify the linear viscoelastic region (LVR) for each sample. Frequency sweeps were then carried out at 0.1% strain from 50 to 0.5 rad s -1 to study the effects of the number of passes through the homogeniser on the storage modulus (G 0 ) and loss modulus (G 00 ). Samples were tested at 0.5 wt% in triplicates and the average data ± standard deviation were reported.
X-ray diffraction (XRD)
The X-ray diffraction patterns were recorded with a Bruker D8 Advance X-ray diffractometer (Germany) by using Cu-K radiation (k = 0.1542 nm), a parallel beam with Gobel mirror and a Dynamic Scintillation detector. The accelerating voltage was of 40 kV, the current of 30 mA and scanning range between 5°and 40°(2h). In order to calculate the crystallinity degree, the Xray diffractograms were deconvoluted with mixed Gaussian-Lorenzian (crystalline regions) and Voight profiles (amorphous background). After the deconvolution, the crystallinity degree was calculated with Eq. 2, proposed by Hermans and Weidinger (1948) and later used by many other researchers (Popescu et al. 2007; Mendoza et al. 2019 )
Here: Cr.I.% is the crystallinity degree, A c is the crystalline area obtained by the sum of signal areas (1-10), (110), (200), (102) and (004), and A t is the total area.
Preparation of WH cellulose films and tensile strength testing
The 0.5 wt% slurries as described above were used for preparing the films. The dispersion was diluted, poured into a plastic petri dish and air-dried under laboratory fume cupboards. Slurries in each petri-dish contain 0.02 g of cellulose to ensure consistency of film thickness. After drying, the films were removed from the dish and cut into strips of approximately 15 mm wide for a tensile test using Lloyd LRX Tensile Test Machine (Lloyd Instruments, UK), with a load cell of 100 N. The strips were placed between two jaws of 25 mm apart and pulled at a crosshead speed of 1 mm/min. The morphology of a representative film and its thickness (for cross-section area calculation) can be found in Fig. S1 of the supplementary document. A minimum of 5 strips per sample were tested and the average data ± standard deviation were reported. The stress-strain curves of representative replicates are shown in Fig. S2 .
Thermogravimetric analysis (TGA)
Thermogravimetric analyses were conducted on the extracted WH cellulose and the processed samples to determine the thermal behaviour of WH cellulose and the effect of the mechanical shearing on the processed samples. TGA was carried out using Mettler Toledo TGA/DSC1 Star System (Mettler Toledo, Switzerland). Approximately 10 mg of samples were heated from 25 to 600°C at a constant heating rate of 10°C/ min under a constant nitrogen flow of 80 mL/min.
Results and discussion
Extraction of cellulose from WH Room temperature (22°C) was sufficient for the cellulose extraction of processed WH stems using NaOH. Previous cellulose extraction attempts in NaOH at higher temperatures resulted in cellulose hydrolysis. The second bleaching process was used to further remove any remaining lignin in the material. Figure 1 shows the cellulose samples at various treatment stages. The brown coloured dried stems of WH and the blended stems are shown in Fig. 1a, b respectively. The resultant white coloured cellulose material from the extraction process is shown in Fig. 1c -e depicting the cellulose slurry after the first bleaching, NaOH treatment, and second bleaching respectively. The colour change is attributed to the removal of hemicellulose and delignification of WH fibres during the bleaching process using acidified NaClO and treatment with NaOH (Osong et al. 2016 ).
The mechanically fibrillated translucent and gel-like sample is shown in Fig. 1f . The yield of the extraction process was 19.38% ± 0.59%. This yield is reasonable considering the chemical composition in water hyacinth that are commonly reported as 20-25% of cellulose, 30-35% of hemicellulose, 5-10% of lignin and 5-10% of ash (Istirokhatun et al. 2015; Guna et al. 2017) . It is therefore anticipated that the hemicellulose and lignin contents in the raw material used in this study fall within the reported range. The viscosity average degree of polymerisation (DPv) was estimated to be 309 and fully presented in Section S1 of the supplementary document.
Surface chemistry analyses of extracted cellulose by conductometric titration and FTIR
The total acidic groups content of the extracted cellulose was 131 ± 3 lmol/g. The total acidic groups of wood pulps reported have been reported to be 30 lmol/g and 44 lmol/g by Onyianta et al. (2018a) and Pääkko et al. (2007) respectively. Although the total acidic groups content of WH cellulose is not considered significant, its presence may be attributed to the double sodium hypochlorite bleaching process, known to partially oxidise the cellulose hydroxyl groups to aldehyde/carboxylic acid groups (Someshwar and Pinkerfon 1992) . Alternatively, the acidic groups may be attributed to the uronic acid component of remaining hemicellulose in the sample.
Functional group analyses were performed at different stages of extraction from the FTIR spectra shown in Fig. 2 . All the cellulose peak intensities increased after the NaOH and second bleaching treatments as the hemicellulose and lignin materials are removed. The major cellulose characteristic peaks are observed at 3330 cm -1 , 2894 cm -1 , 1630 cm -1 and 1027 cm -1 , originating from the stretching of -OH groups C-H stretching, O-H bending from chemically adsorbed water in the amorphous region and C-O stretching (Chung et al. 2004 ). The magnified region in Fig. 2 shows the disappearance of two peaks at 1735 cm -1 and at 1240 cm -1 after the NaOH treatment. The 1735 cm -1 was assigned to acetyl and uronic ester groups of hemicelluloses or to the ester linkage of carboxylic group of the ferulic and p-coumaric acids of lignin, while the peak at 1240 cm -1 was assigned to ether, phenols or esters of lignin (Cherian et al. 2008; Tibolla et al. 2018 ). The total acidic group identified from conductometric titration for the cellulose sample obtained after the second bleaching step may not have been high enough to be identified by FTIR. These peaks usually appear at 1730-1740 cm -1 for carboxylic acid or 1590-1600 cm -1 for sodium carboxylate groups (Onyianta et al. 2018b ). Fig. 3 show the microstructure of the cellulose sample that has undergone the bleaching and alkaline treatments. Bundles of microfibers, having a size of approximately 30 lm in diameter, can be seen from the FE-SEM images. Through the extraction process, lignin, hemicellulose and other organic substances were removed/hydrolysed, and as a result the original plant was broken into bundles of fibres. Figure 4 demonstrates the evolution of the microstructure in cellulose samples after being subjected through the homogeniser for various number of cycles (passes). During the fibrillation process using the PSI-20 high homogeniser, the material passes through a Z-shape interaction chamber (100 lm in diameter) at approximately 400 m/s, where a significant amount of shear force was applied to the cellulose fibres. Fibrils of reduced diameter were then peeled away from the fibres.
Morphological analysis
Micrographs in
As the number of passes is increased, a higher degree of fibrillation of cellulose fibres was achieved. For example, in the 2 and 3 pass samples (Fig. 4b, c respectively), fibres of reduced diameter (several hundred nm) as well as microfibers were still present. After 4 passes (Fig. 4d) , a reasonable amount of cellulose fibres has been delaminated to the nanoscale, resulting in the formation of individualised nanofibrils. It was observed that after 5 passes Fig. 4e , most fibrils are in the nanoscale, indicating that the processing of cellulose nanofibrils have been completed. Figure 4f shows the magnified image of cellulose nanofibrils after 5 passes. The long nature of the fibrils alongside the drying process prior to image examination, resulted in fibril aggregation and the formation of a web-like network structure. This is similar with the morphology of cellulose samples reported elsewhere (Chen et al. 2011; Chinga-Carrasco 2011; Qua et al. 2011) .
The width of individual fibrils from the 5 pass sample was measured and the distribution summarised in Fig. 5 . The histogram evidenced that the width distribution is asymmetrical and in the range between 10 and 35 nm approximately. The mean fibril width is 19.2 ± 4.3 nm. The long nature of the fibrils could not allow the measurement of lengths; however, this is estimated to be in the order of several micrometres.
Water retention values
The WRV is used to examine the capability of cellulose to retain water after centrifugation under standard conditions. Cellulose has high hygroscopicity due to the interaction of its hydroxyl groups with water molecules (Cheng et al. 2010) . When cellulose materials are subjected to the homogeniser, the WRV increases as the number of passes increases. This is due to individual fibrils formed through fibrillation process, increasing the total surface area and as a result more hydroxyl groups become accessible to interact with water molecules. Therefore, it is believed that WRV can be used to indirectly evaluate the degree of fibrillation for cellulose materials. Figure 6 shows the WRV of 0 to 5-pass samples, where a linear trend was observed as the degree of mechanical processing increased. Evidently, a Microstructure of WH fibres after the extraction process at 9500 magnification significant increase in WRV can be seen from 0 to 1-pass, as the WRV is more than doubled from approximately 6000-12,700%. This indicates that the fibrillation process in the first pass through the highpressure homogeniser is substantial, as the fibre bundles started delaminating into smaller sub-units. This is consistent with the observation from SEM micrographs. The significant delamination of fibres would dramatically increase the surface area of the cellulose material thus resulting in the large increase of WRV. The WRV increase rate is reduced from 2 pass onwards. This indicates that the impact of the mechanical process on the fibrillation of cellulose materials is being stabilised and begins to tend towards saturation. This can be reasonably explained by the fibrillation process. As processing proceeds, larger sized fibres are fibrillated until a stage when (at least the majority of) individual units are hardly delaminated any further under the fixed mechanical conditions. Therefore, it can be predicted that even if the samples were to be processed further (e.g. 6 pass onwards), there wouldn't be any substantial increase of WRV. Effects of the number of passes on the viscoelastic properties of the water hyacinth cellulose
The degree of processing is one of the factors that affect the linear viscoelastic behaviour of CNF alongside CNF concentration and surface properties, whether modified or unmodified (Nechyporchuk et al. 2014) . In this study, the effect of the number of passes of water hyacinth cellulose, at 0.5 wt%, on the storage modulus and loss modulus was investigated by conducting amplitude sweeps and frequency sweeps. Non-mechanically processed cellulose samples could not be analysed for viscoelastic properties because of intense fibril aggregation and apparent wall slip at the concentration studied.
The results from the amplitude sweeps and frequency sweeps of 1 pass to 5 pass samples are presented in Figs. 7 and 8 respectively. A limited range of strain values was used during the amplitude sweep to avoid complete deformation of the samples, so that the materials can fully return to the linear viscoelastic region before the frequency sweep. All the samples studied showed a higher storage modulus than loss modulus. In addition, the storage moduli from the frequency sweeps were relatively independent of angular frequency. These are all indications of a prevalent solid-like material (Nechyporchuk et al. 2016; Onyianta et al. 2018b ). It can be seen from both Figs. 7 and 8 that by increasing the number of passes through the high pressure homogeniser, the storage modulus increases.
The impact of the processing degree can be expressly seen from Fig. 9 as summarised from the frequency sweeps at 50 rad s -1 and 0.1% strain. A linear and greater increase in storage modulus is seen upon increasing the number of passes from 1 to 3 passes. This is as a result of the increase fibrillation into micro/nano sizes as the number passes increases, as has been shown from FE-SEM image analysis and water retention values. However, a more gradual and smaller increase was observed from the third pass to the fifth pass.
There is currently no consensus on the rheological behaviour (linear viscoelastic and shear viscosity behaviours) of cellulose nanofibrils upon increase in processing conditions. Onyianta (2019) observed a linear increase on the storage modulus of morpholine pre-treated wood cellulose upon increasing the Fig. 7 Overlay of amplitude sweeps measurements on 1-5 pass WH cellulose. G 0 and G 00 represent storage modulus and loss modulus. ''1P'' represent 1-pass sample, etc number of passes from 1 to 5. However, the same raw cellulose material when surface modified resulted in an initial increase in viscoelastic property from 1 to 2 passes before a decline was observed from 3 pass onwards (Onyianta 2019) . Shogren et al. (2011) also reported similar trend of an initial increase in viscosity of CNF from corn cobs up to the second pass and a decline with further processing. Therefore, the effect of processing degree on rheological properties of CNF depends on the cellulose surface properties, source of cellulose, processing parameters, type of processor and the solid content used during processing.
Impact of mechanical processing on the crystallinity index of WH cellulose
The X-ray diffractograms for samples of 0 pass to 5 passes are presented in Fig. 10 . The XRD analysis permits the detection of the crystalline planes in the cellulose structure. Native cellulose or cellulose I presents five crystalline planes at about 14. 5°, 16.5°, 20.7°, 22.2°and 34.5°corresponding to the (1-10), (110), (102) (200) and (004) crystallographic planes (Popescu et al. 2012; Tarchoun et al. 2019) .
As can be observed, all samples exhibit similar characteristic peaks at 2h = 15.7°and 22.2°representing the (110) and (200) crystallographic planes in the monoclinic cellulose I lattice (Nishiyama 2009 ). The other two peaks from 2h = 16.8°and 20.3°were identified only after deconvolution due to their overlapping with the previous mentioned peaks. The result indicates that the extraction process and the subsequent homogenization process in the present study did not change the crystalline structure of the cellulose fibres.
The crystallinity degrees of all samples were obtained by analyzing the X-ray diffractograms after deconvolution, which is shown in Fig. 11 . It is evident that the CrI% of 0 pass sample was of approximately 53% and increased to 57% after a single homogenisation step. A similar trend has been reported for cellulose crystallinity processed using various mechanical processes (e.g. grinding and high intensity sonication) (Tanpichai et al. 2019 ). However, the figure also indicates that as the number of passes increased, the crystallinity index was slightly decreased (55% for 5 pass sample). Such a reduction of CrI% can be attributed to the shear and impact Fig. 8 Overlay of frequency sweeps measurements on 1-5 pass WH cellulose. G 0 , G 00 and ''P'' retain their meanings as in Fig. 7   Fig. 9 Effect of the number of mechanical fibrillations on the storage modulus of WH cellulose. Data extracted from frequency sweeps at 50 rad s -1 Fig. 10 X-ray diffraction patterns for the WH cellulose and the WH-CNFs from 1 to 5 passes forces applied during the homogenization process, which might slightly destruct the crystal region of cellulose fibres, causing a reduction of crystallinity (dos Santos et al. 2013; Nobuta et al. 2016) .
Effects of processing degree on the tensile strength of WH cellulose films
The tensile strength of films for various samples are shown in Fig. 12 . The tensile strength of WH film increased by up to 50% after 1 pass through the highpressure homogeniser. As observed from FE-SEM image analysis, the 0 pass sample contains large and heterogeneous fibres. During the fibrillation process, the aggregated course fibres were gradually broken down, forming a network of fibres/fibrils of smaller sizes, which led to the improvement of tensile strength of the film.
However, there was no significant increase in tensile strength from the second pass to the third pass. This behaviour does not correlate with those identified for WH cellulose suspensions analysed using rheometry and WRV methods. It should be noted that films that have undergone more than 2 passes, compared with those from 0 pass and 1 pass, were very brittle and showed significant crinkle upon drying. Several jaw breaks were found during the test for these samples which could contribute to the substantial variety of the results. The lower tensile strength values for the 4 pass and 5 pass samples could be because of the above reason, or the production of shorter fibrils by the extra homogenisation process. As the number of passes increases, both the diameter, length and crystallinity index of fibrils were reduced, transforming the film structure from a network of long overlapping fibrils into one that contain more discrete small individual fibrils, having reduced stress transfer ability (Rusli et al. 2011 ).
Thermogravimetric analysis (TGA)
Thermal stability studies on cellulose materials are essential if the materials are to be applied in high temperature formulations, melt compounding of polymers and composites (Qua et al. 2011; Onyianta et al. 2018a ). An overlay of the TGA and derivative thermogravimetric (DTG) curves from the extracted WH cellulose (WH-0P) and processed samples (WH- Fig. 11 Crystallinity degrees of the WH cellulose and WH-CNF samples Fig. 12 Effect of the number of passes through the highpressure homogeniser on the tensile strength of WH films Fig. 13 TGA and DTG overlay of thermograms from extracted WH cellulose and processed WH-CNFs 1P to 5P) are shown in Fig. 13 . The initial weight loss occurring below 100°C because of moisture desorption was not included in the TGA and DTG thermograms.
It can be seen from both thermograms that the mechanical shearing process did not affect the thermal stability of the WH-CNF. Mechanical shearing force does not affect the thermal stability of CNF materials to high degrees in comparison to chemical pretreatments used on cellulose to assist fibrillation, such as carboxymethylation and 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-mediated oxidation (Eyholzer et al. 2010; Onyianta et al. 2018b ). The onset degradation temperature for all the WH samples is 226°C while the peak degradation is 331°C as shown on the TGA and DTG curves respectively. This implies that WH-CNF can maintain its thermal stability when used as reinforcements in bioplastics like polylactic acid (PLA), which melt between 150 and 200°C (Signori et al. 2009 ).
Conclusions
The mild homogenisation of water hyacinth stems resulted in the facile extraction of cellulose material under ambient conditions and mild chemical processing. Functional group analysis showed that the extracted cellulose becomes purer with successive chemical treatments. Significant increases in the morphological properties, water retention values and linear viscoelastic properties were observed with increase in number of passes, up to the third pass. Further increases in the degree of processing did not yield large increase in material properties that is commensurate with the additional energy input. Up to 7.5% and 50% increase in crystallinity index and tensile strength were observed for 1 pass WH cellulose material in comparison to the unprocessed cellulose. Therefore, as far as the cost effectiveness is concerned, it is believed that 1 cycle of homogenisation process is sufficient and practical for preparing films that could find application in packaging materials using this feedstock. Considering the good morphological property, viscoelastic properties and thermal properties, the cellulose nanomaterial from this study can also find application as reinforcing material and as structuring material in composite formulations.
